The plastic deformation and fracture mechanisms in single-crystalline CaFe2As2 has been studied using nanoindentation and density functional theory simulations. CaFe2As2 single crystals were grown in a Sn-flux, resulting in homogeneous and nearly defect-free crystals. Nanoindentation along the direction. This strong anisotropy of cleavage strength implies that CaFe2As2 has an atomic-scale layered structure, which typically exhibits lateral cracking during nanoindentation. This special layered structure results from weak atomic bonding between the (001) Ca and Fe2As2 layers.
INTRODUCTION
ThCr2Si2-type intermetallic compounds have been widely investigated due to their unique electronic and magnetic properties [1] . The FeAs-based pnictides are particularly attractive due to their high temperature superconductivity and tunable properties through the application of pressure [2] [3] [4] [5] [6] [7] . Among several FeAs-based pnictides, CaFe2As2 has been the most widely studied, due to the strong pressure sensitivity of its material properties and lattice structure.
We recently discovered superelasticity and cryogenic shape memory effects in this material since the collapsed tetragonal phase transition can be reversed once the applied force is released [8] . Micropillar compression along the c-axis showed a nearly 13% elastic limit and a high yield strength of 3 GPa. CaFe2As2 also exhibits ultra-high elastic energy absorption and release capability per unit volume, 10~1000 times higher than those of high strength alloys and ceramics. Furthermore, because of the large hysteresis observed during loading and unloading below 50K, there should also be a linear shape memory effect. CaFe2As2 is also expected to have superior fatigue resistance due to the fact that the geometry of the phase transformation does not lead to the accumulation of any residual stresses or dislocations. Therefore, CaFe2As2 is attractive not only as an electronic/magnetic material but also as a structural material.
Due to its strong potential as a structural material, it is important to characterize the deformation and fracture behavior of this compound in more detail. Nanoindentation on intermetallic compounds, which are typically relatively brittle, usually induce plastic deformation and fracture at the same time. Thus, nanoindentation is an excellent technique for investigating the mechanical behavior of intermetallic compounds. In this study, we used nanoindentation to study the plastic deformation and fracture behavior of CaFe2As2 and found three unique mechanical behaviors: strain bursts, radial cracking, and lateral cracking. Strain bursts and radial cracking can be understood by conventional indentation plasticity and cracking mechanisms. We also performed Density Functional Theory (DFT) calculations to elucidate the microscopic origins of lateral cracking. DFT simulations revealed that ideal cleavage along the (001) planes requires a much lower stress than for cleavage along the {100} planes, keeping in mind that in the tetragonal structure the (001) planes and {100} planes are different. This strong anisotropy of cleavage strength implies that CaFe2As2 has an atomic-scale layered structure, which usually shows lateral cracking during nanoindentation. Our results help to provide a more in-depth understanding of plasticity and fracture processes in CaFe2As2, and will be useful in the development of mechanically robust devices using this compound.
EXPERIMENTAL DETAILS
The solution growth method used to produce single crystals of CaFe2As2 is described in detail elsewhere [8, 9] . The crystals obtained typically have sizes of up to 5x5x1 mm 3 ( Fig. 1(a) ). The microstructure and composition of the CaFe2As2 crystals were analyzed using transmission electron microscopy (TEM) (Tecnai T-12, FEI, OR, USA operated at 120 kV) and energy dispersive x-ray spectrometry (EDXS) in the scanning electron microscope (SEM) (Teneo LoVac, FEI, OR, USA operated at 30 kV), respectively. Nanoindentation was performed at room temperature using an iNano TM system (Nanomechanics, Inc., TN, USA 
COMPUTATIONAL DETAILS
In order to simulate the nature of fracture in CaFe2As2, we utilized density functional theory (DFT) to compute the cleavage energy and the ideal cleavage strength along particular crystallographic directions in both the orthorhombic (O) and collapsed tetragonal (CT) structures of CaFe2As2. Two different planes were chosen, the (001) plane, between both Ca-As layers and Fe-As layers, and the (100) plane, which was chosen for comparison with the (001) and is different in the orthorhombic and tetragonal crystals. To compute the cleavage energy of the (001) were then relaxed with fully periodic boundary conditions, and antiferromagnetic stripe ordering was used for the O structure. Then, sequentially, a vacuum gap was introduced between select atomic planes to simulate the cleavage process, and the total energy and stress (derivative of the energy with respect to displacement) were determined, a process outlined in [10] . The simulations were carried out using the Vienna Ab initio simulation package (VASP) [11] [12] [13] [14] , a plane wave DFT code, using the the Perdew-BurkeErnzerhof (PBE) exchange-correlation functions [15, 16] , the projector augmented wave (PAW) pseudo-potentials [17, 18] , 450 eV plane wave cutoff and Monkhost-Pack integration scheme of 9x9x1 integration points for the O unit cell.
RESULTS AND DISCUSSION
EDXS at four different locations shows that the area average composition (Ca:Fe:As=19.97:40.13:39.90 at.%) is very close to the ideal 1:2:2 stoichiometry. A bright-field (BF) scanning transmission electron microscope (STEM) image obtained in the FIB/SEM, and higher magnification BF TEM images, show that our sample is initially free of dislocations and inhomogeneities ( Fig. 1(b) ). This is in stark contrast to the layer structure exhibited by BaFe2As2 [19] , which is another ThCr2Si2-type intermetallic compound. There is some Sn residue on the surface of the CaFe2As2 crystals, because they are grown in a Sn-flux. Care was taken to obtain indentations while avoiding contact between the indenter and the Sn residue.
A standard Berkovich nanoindentation technique was performed on the (001) plane with three different indentation depths, 60, 100, and 150 nm ( Fig. 2(a)-(c) ). Loaddisplacement curves show that the first three strain bursts occur at similar load and displacement values ( Fig. 2(a)-(c) ). SEM images of the sample surface show two distinct features; residual indents and radial cracks (Fig 2(d)-(f) ). Strain bursts should be related to plastic deformation that forms the residual indents since radial cracking usually does not produce strain bursts in load-displacement curves. Our previous work using micropillar compression along the [001] direction and DFT simulations suggests that strain is accommodated by plastic deformation on the 1 2 〈311 � 〉{103} slip system [20] .
Thus, the residual indent would be formed primarily by dislocation plasticity in this slip system. TEM and EDXS analyses show that our sample is dislocation-free and chemically homogeneous prior to deformation. Thus, the first strain burst in the load-displacement curves should be associated with dislocation nucleation, rather than the activation of pre-existing dislocation sources. In the case of the activation of pre-existing dislocation sources, the onset displacements and the sizes of the strain bursts usually vary within a wide range, because the activation of the dislocation source depends strongly on its statistical distribution. However, dislocation nucleation usually shows a more consistent behavior. Similarly, micropillar compression on dislocation-free bodycentered-cubic molybdenum alloy pillars shows a consistent onset displacement and stress for dislocation nucleation [21] . Once dislocations are introduced into these molybdenum pillars, however, these two values vary significantly from pillar to pillar because source activation is sensitive to a given dislocation structure [22] . The onset displacement and strain bust size were plotted as a function of the onset load ( Fig. 2(g) and 2(g)). These plots clearly show consistent onset load for the initial strain burst amongst the samples. So, the chemically homogeneous and dislocation-free microstructure of CaFe2As2 results in the consistent load and displacement conditions of the first strain burst.
The second and third strain bursts also occur at relatively similar indentation conditions, but the onset displacement and the size of strain burst are more scattered than those of the first strain burst (Fig. 2(g) and 2(h) ). The second and third strain bursts are not necessarily associated with dislocation nucleation. They could also be related to the operation of dislocation sources, which the first dislocation nucleation event could produce. It is extremely difficult to confirm experimentally whether the second and third pop-in events occur due to the nucleation of new dislocations or due to the operation of potentially newly created dislocation source. So, at this point, we are not able to provide a clear picture of dislocation process for the second and third events.
All strain bursts in load-displacement curves exhibit the slightly upward slope.
This upward slope would be related to the slow propagation of the resultant pop-in instabitily, i.e. a result of the low mobility of the dislocations. We measured the displacement rate during the pop-in events, which is about 50~100 nm/sec. This value is much lower than that of metals, which are typically over 1000 nm/sec at similar load levels. This result implies that the pop-in instability in CaFe2As2 propagates relatively slowly, and this could be related to the low mobility of dislocations. This upward slope of the strain bursts is typically observed in nanoindentation of ceramics, ionic crystals, and intermetallic compounds, which have the relatively low mobility of dislocation [23] [24] [25] .
The observation of radial cracking (the white arrows in Fig. 2 
(d)-(f)) is likely a
result of the difficulty of activating sufficient slip systems to carry plastic deformation outside the confinement created by the indenter, resulting in fracture. Once the size of the radial crack becomes sufficiently large, the load distribution spreads resulting in strain bursts with wider distributions (Fig. 3(a) ). We also found surface pop-out (the red broken arrows in Fig. 2(f) ) for indentation depths larger than 100 nm. For the indentation depth of 600 nm ( Fig. 3(a) ), a large area of the surface completely moves along the unloading direction ( Fig. 3(b) ). This is certainly different from pile-up, which is usually caused by the plastic flow of material. By using FIB, we carefully examined a cross-section of the region underneath the indent, and found that lateral cracks were present. Such lateral cracks are typically observed in indentation of thin films on substrates or of multi-layered materials [26] (Fig. 3(c) ). MAX phases (Mn+1AXn, (MAX) where n = 1 to 3), which have a layered-like atomic structure, also exhibit lateral cracking under indentation. Based on the TEM analysis, our material does not have a macroscopic layered-like structure, and thus we conclude that CaFe2As2 behaves similarly to MAX phases [27] . Lateral cracks always form during unloading as a result of atomic buckling driven by plastic deformation on the (001) plane that creates residual stresses during loading. During unloading, the geometric constraint of the indenter is removed slowly allowing the structure to buckle and fracture along the (001) planes [28] . To understand how bonding in CaFe2As2 is responsible for the fracture process we utilized DFT to examine ideal fracture. Figure 4 shows the ideal cleavage simulations from DFT for both the O and CT phases. In the experiments at room temperature, the crystal structure is tetragonal, which is crystallographically similar to the O phase with both being larger than the CT phase along the c-axis by roughly 10%. The use of the O phase as a substitute for the tetragonal phase can be found in [8, 20] . The cleavage simulations demonstrate that it is much easier to cleave the (001) Ca-As planes (Figure 4(c) ) as compared to the (001) Fe-As planes (Figure 4(d) ) and the (100) planes. This is a direct result of the cage structure created by the bonding between iron and arsenic, a key feature of the ThCr2Si2 structure. The results in Figure 4 (c) and (d) demonstrate that the cleavage energy and cleavage stress are 2-3 times lower for the Ca-As (001) plane. This, in conjunction with the equally favorable slip on this plane through Generalized Stacking Fault (GSF) calculations [20] , clearly demonstrates that this material behaves in a micaceous-like manner with easy slip and cleavage on the same plane, resulting in very anisotropic properties. We note that this is a result of the weak bonding between the Ca and Fe2As2 layers, creating an atomically layered material. Our previous micropillar studies [20] also support these DFT results.
During uni-axial compression, [1 1 3] micropillars exhibit extensive easy slip in the 〈100〉(001) system, implying that the atomic bonding between the (001) planes is weak.
Thus, the atomic-scale layered structure of CaFe2As2 is similar to MAX phases, which also exhibit lateral cracking during nanoindentation [27] .
Finally, we can summarize the deformation and fracture behavior for loading and unloading conditions (Fig. 5) . During loading, plastic deformation occurs in two primary slip systems, the contribute to the driving force for material buckling and lateral cracking. When the indenter tip is retracted, buckling of (001) layers occurs to relax the compressive residual stresses created by these dislocations, resulting lateral cracking. Based on DFT simulation, the lateral cracking occurs between (001) Ca and As layers due to their weak bonding. Finally, radial cracks also form at the sharp edge of the Berkovich tip due to stress concentrations and the limited number of, as pointed out above, the low mobility of easy slip systems in the compound. The lack of or low mobility of dislocation sources are also common in ceramics, which frequently exhibit radial cracking during indentation.
CONCLUSION
We conducted a standard Berkovich nanoindentation study to help develop a better understanding of the plastic deformation and fracture behavior of CaFe2As2. Three major deformation mechanisms were found: strain bursts, radial cracking, and lateral cracking. The strain bursts are related to the nucleation of 
